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INTERACTION OF ULTRA-HIGH LASER FIELDS
WITH BEAMS AND PLASMAS

I. INTRODUCTION

Advances in laser technology have made possible compact terawatt laser systems with
high intensities (> 10®* W/cm?) modest energies (< 100 J) and short pulses (< 1 psec).!"?
This new class of lasers is referred to as T® (Table-Top-Terawatt) lasers. The availability
of T3 lasers has made possible experiments in a new ultra-high intensity regime. Previous
laser interaction studies have been limited, for the most part, to relatively modest intensi-
ties. At ultra-high intensities, the laser—electron interaction becomes highly nonlinear and
relativistic, thus resulting in a wide variety of new and interesting phenomena.>~!® These
phenomena include: (i) laser excitation of large amplitude plasma waves (wakefields),? >
(ii) relativistic optical guiding of laser pulses by plasmas,®~7 (iii) optical guiding by pre-
formed plasma channels,® (iv) laser frequency amplification by ionization fronts or plasma
waves,>®~13 (v) relativistic harmonic generation,®!* (vi) stimulated backscattering from
plasmas and electron beams,!? (vii) noﬁlinear Thomson scattering from plasmas and elec-
tron beams,!® and (viii) the cooling of electron beams by intense lasers.!® These phenomena
may have important applications ranging from advanced ultra-high gradient accelerators
to advanced sources of ultra—short wavelength coherent radiation. This paper briefly dis-
cusses some of the salient features of these phenomena.

An important parameter in the discussion of ultra-intense laser interactions is the
laser strength parameter, ay, where ag = eAg/moc? is the normalized (unitless) peak
amplitude of the laser vector potential, 45. The laser strength parameter is related to the

power, P,, of a linearly polarized laser by
Po[GW] = 21.5(aoro/X0)’ (1)

where ry is the spot size of the Gaussian profile, Ay is the laser wavelength, and the power
is in units of GW. Physically, ap > 1 implies that the electron quiver motion in the laser
field is highly relativistic and nonlinear. This may be seen from conservation of canonical
transverse momentum. In the 1D limit ap = v, where v is the relativistic factor and
B1 = v, /c is the electron quiver velocity. Hence, ag > 1 implies ¥ > 1. The peak laser

electric field amplitude, Ey, is related to the laser strength parameter ao by

Eo[MeV/m] ~ 3 x 10%a9/ Ao [pm]. (2)
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For Ao = 1 pm and ag > 1, the laser electric field exceeds the Coulomb field associated
with the hydrogen atom. In terms of the laser intensity, Ip = 2P, /772, the quantity a is
given by

g0 = 0.85 x 10~ Ao [pm]I}/*[W /cm?], (3)

where ) is in units of um and I, iz in uniis of W/cm?. Highly relativistic electron motion
(a0 2 1) requires laser intensities greater than 10'®* W/cm? for wavelengths of Ag ~ 1 pm.

Such intensities are now available from compact, T* laser systems.

A. Compact Terawatt Lasers

The T? laser system is based on the technique of chirped—pulse amplification (CPA),
first applied to solid-state lasers in 1985.! The CPA technique allows for ultra—short (7 <
1 ps) pulses to be efficiently amplified in solid-state media, such as Nd:glass, Ti:sapphire
and alexandrite.!’? In the T? laser, a low energy pulse from an ultra-short pulse, mode-
locked oscillator is passed through an optical fiber to produce a linear frequency chirp. The
linear frequency chirp allows the pulse to be temporally stretched by a pair of gratings.
The stretched pulse is amplified to moderate energies in the solid—state regenerative and
single pass amplifiers. The amplified pulse is now compressed by a second matched pair
of gratings. Compression of the chirped, long duration pulse is accomplished after it has
been amplified, thus avoiding undesirable high field effects, e.g., selffocusing, in the solid-
state medium. The CPA method is schematically shown in Fig. 1. This method has
been applied to compact systems (T2 lasers) to produce picosecond pulses in the 1-10 TW
range.!'? Efforts are also underway to apply the CPA method to large scale systems with
the goal of producing laser pulses of extremely high energies (> 100 J) and powers (> 100
TW).?® In an alternative technology, large-scale KrF excimer lasers systems can directly

amplify a single short pulse to terawatt power levels.??




II. INTENSE LASER INTERACTION PHENOMENA

A. Laser Wakefleld Excitation

As an intense laser pulse propagates through an underdense plasma, A%/ A2 <« 1, where
Ap = 2mc/w, is the plasma wavelength, w, = (4me?ng/m,)*/? is the plasma frequency and
ng is the ambient electron density, the ponderomotive force associated with the laser pulse
envelope, F, ~ Va?, expels electrons from the region of the laser pulse. If the pulse length,
cTL, is approximately equal to the plasma wavelength, ¢ty >~ A, the ponderomotive force
excites large amplitude plasma waves (wakefields) with phase velocities equal to the laser
pulse group velocity®~® (see Fig. 2). The maximum wakefield amplitude generated by a

linearly polarized laser pulse of amplitude ay, in the 1D limit 72 > A2, is®

1/2 a?
(1+a/2)
3

where the maximum gradient, E,,,., is in GeV/m and the plasma density, ng, is in em™3.

Ema: [GeV/m] ~ 3.8 x 107° (ng [cm™?]) (4)

Typically, Emas is a few orders of magnitude greater than the accelerating gradients in
conventional linear accelerators. The accelerating gradient associated with the wakefield
can accelerate a trailing electron beam, i.e., such as in the laser wakefield accelerator
(LWFA) shown in Fig. 2. In the absence of optical guiding, the interaction distance, L;n,,
will be limited by diffraction. Diffraction limits the interaction distance to L;pn: >~ 7Zg,
where Zr = mr2/), is the vacuum Rayleigh length. The maximum energy gain of the
electron beam in a single stage is AW ~ E,,zLin: which, in the limit a3 < 1, may be

written as

AW [MeV] = 580(o/2,) Py [TW). (5)

As an example, consider a 7L = 1 psec linearly polarized laser pulse with P, = 10 TW,
X = 1 um and rp = 30 pm (e = 0.72). The requirement that cr; ~ A, implies a
plasma density of ng = 1.2 x 10’® cm™3. The wakefield amplitude (accelerating gradient)
is Emez = 2.0 GeV/m and the interaction length is L;,; = 0.9 cm. Hence, a properly
phased tailing electron bunch would gain an energy of A" = 18 MeV. The interaction

length, and consequently the electron energy gain, may be greatly increased by optically

guiding®~® the laser pulse in the plasma.




The self-consistent evolution of the nonlinear plasma wave has been studied numeri-
cally in the 1D limit.? Figure 3 shows the plasma density variation §n/ng = n/ng — 1 and
the corresponding axial electric field E, for a laser pulse envelope with ¢ty = A,. In this
figure ctp, = A, - 0.03 cm, Ao = 10 gm, and ay = 2.0. The steepening of the electric
field and the increase in the period of the wakefield are apparent for the highly nonlinear

situation shown in Fig. 3.

B. Relativistic Optical Guiding

For a laser pulse to propagate in a plasma beyond the limits of vacuum diffraction, i.e.,
distances large compared to Zg, some form of optical guiding is necessary. For sufficiently
powerful, long laser pulses, diffraction can be overcome by relativistic effects and the laser
pulse can be optically guided in the plasma.>~" A nonlinear analysis of intense laser pulse
propagation in underdense plasmas indicates that the index of refraction, ng, characterizing

the laser pulse evolution is given by®
Mmx~1- 53—, (6)

where n is the perturbed electron density. For a long pulse laser (long rise time), crp > A,,
it may be shown® that n/yne ~ (1+a2/2)~!/2. A necessary requirement for optical guiding
is that the refractive index have a maximum on axis, Opr/0r < 0. This is the case for a
long laser pulse with an intensity profile peaked on axis, 8a2/8r < 0. Analysis of the wave
equation with the index of refraction given by Eq. (6) indicates that the main body of a
long laser pulse will be optically guided provided the laser power, Py, exceeds a critical

threshold, Py > P.,i¢, where®’
Pcr“ [GW] ™~ 17'4(AP/A0)2' (7)

As an example, for a plasma of density ng = 5 x 10! ecm™3 (A, = 20 pum) and laser
wavelength of Ag = 1 um, the critical laser power is P.,;y = 1.36 TW. For sufficiently
short pulses, 7, < 1/w,, the plasma has insufficient time to respond to the laser pulse.

The modification of the refractive index occurs on the plasma frequency time scale, not on




the laser frequency time scale. Therefore, if the laser pulse duration is comparable to or

shorter than a plasma period, i.e., 71, < 1/wy, relativistic optical guiding does not occur.®

C. Optical Guiding by Density Channels

To optically guide short intense laser pulses in plasmas, preformed plasma density
channels can be used.® Conventional optical light pipes consist of fibers having an index
of refraction which varies as the square of the radial position. Optical light guides can be
formed within a plasma by creating a hollow density channel. The plasma channel can be
formed by propagating either a low current electron beam or a low intensity laser pulse
through the plasma. In either case the plasma is expelled by the beam, leaving a density
depression which cam guide the laser pulse. The plasma channel modifies the index of
refraction which, in the absence of relativistic effects, is given by

A5 n(r)

T'R:I—2Ag Ny ! (8)

where n(r) is the electron density profile. Optical guiding can occur when the plasma
density is minimum on axis. Analysis of the wave equation for a fixed parabolic plasma
density channel indicates that optical guiding of a Gaussian laser pulse occurs when the

channel density depth is given by®

1

An = p— (9)

where An = n(ro) —n(0) and r. = e2/myc? is the classical electron radius (see Fig. 4). For
example, the density depression necessary to guide an optical beam having a spot size of
7o = 30 pm is An ~ 10*7 cm~3. Fully nonlinear simulations of pulse propagation, which
include the self-consistent evolution of the density channel, indicate that this mechanism
is capable of overcoming diffraction for short pulse lengths and high intensities.®

The self-consistent, 2D-axisymmetric propagation of intense laser pulses in plasmas
have been recently analyzed theoretically and numerically.® Figures 5a,b show the normal-
ized laser intensity, a?, as a function of £ = z — ct and r. These figures show the intensity
initially, at z = 0, and after propagating 10 Rayleigh lengths in a preformed plasma chan-
nel. Figure 6a shows the laser spot size after 10 Rayleigh lengths. The front of the laser




pulse is optically guided while the body of the pulse focused. Figure 6b shows the evolution
of the spot size as a function of propagation distance. The spot size oscillates about its ini-
tial value during the full propagation distance. In addition, as the pulse propagates within
the plasma channel it generates a large amplitude wakefield. The accelerating gradient

remained at a relatively constant value of Epmaz ~ 3 GeV/m.

D. Laser Frequency Amplifications

A laser pulse which copropagates with an electron density wave, i.e., a traveling den-
sity gradient, can continuously change its frequency.’®~'2 The traveling electron density
gradient can be a large amplitude wakefield®'!° or a relativistic ionization front.>*!12 Con-
sider a laser pulse copropagating with a traveling density gradient which may be locally
approximated by dn/d{ = —no/d, where £ = z — ct, d is the length of the density gra-
dient and d > c7y is assumed, as shown in Fig. 7a. The local phase velocity is given

approximately by
(), M)
c 202 ng

(10)

Hence, the phase velocity near the front of the pulse will be less than the phase velocity at
the back of the pulse provided the density is less at the front of the pulse. This allows the
individual phase peaks in the laser field to move closer together. This results in a decrease
in the wavelength and an increase in the frequency. Analysis of the wave equation with

an electron density gradient of the form dn/d§ = —ny/d indicates that the laser frequency

9 1/2
M=(1+w—‘,’ﬂ) , (11)

wo wi d

evolves according to®?~12

where cT is the laser propagation distance. It may also be shown that the laser pulse
length increases according to 71 (7)/7L(0) = w(7)/wo. Furthermore, when the density gra-
dient is due to a large amplitude wakefield,!? the laser strength parameter decreases as
ao(7)/ao(0) = wo/w(7). This implies that the laser pulse gains energy from the wake-
field as it propagates. However, when the density gradient is due to an externally gener-
ated ionization front,!! the amplitude of the laser electric field decreases, Eo(7)/E,(0) =

wo/w(7)field. This implies that the laser pulse loses energy to the ionization front. Ex-




perimentally, such frequency “blue” shifts have been observed for laser pulses propagating
through gases while producing self-generated ionization fronts.!? As an example, a 0.1 ps
KrF laser pulse (Ag = 0.25 um) ionizing hydrogen gas at 1 atm (A, >~ 4.5 um) will double
its frequency after propagating a distance of cr ~ 3.0 cm, according to Eq. (11), assuming
d ~ ¢y (0) = 30 pm. Figure 7b shows the laser pulse profile after propagating a distance
ety = 3dw? /w: in the presence of an ionization front, as obtained from numerically solving
the 1D wave equation. Notice that A(1) =~ Xo/2, Eo(7) =~ Eo(0)/2 and (1) ~ 27.(0), as
predicted by theory.

Alternatively, frequency amplification may be obtained by reflecting the laser pulse
off a counterpropagating, relativistic ionization front.!® In this case, the frequency of the
reflected radiation will be relativistically doppler upshifted by w = (1 + 3 ,)27}400, where
B =vs/e, vy = (1 — B})~"/2, and vy is the velocity of the ionization front. Furthermore,
the length of the reflected pulse will be contracted, crp =~ ¢r(0)/(1 + B7)vs. However, the
poor reflectivity of this relativistic “pseudo-mirror” places limitations on the applicability

of this method.

E. Relativistic Harmonic Generation

The nonlinearities associated with the relativistic electron quiver motion in a linearly
polarized laser field can lead to the production of harmonic radiation at odd multiples of the
incident laser frequency, i.e., with wavelengths A\, = A/N, where N = 1,3,5,.... Coherent

relativistic harmonic radiation5+4

will be generated in the forward direction (propagating
parallel to the incident laser pulse) as a result of the relativistic plasma currents driven by
the incident laser pulse. Initially, the amplitude of the harmonic radiation grows linearly
with the laser pulse propagation distance. Saturation of the relativistic harmonics occurs
by phase detuning.!* The nonlinear dispersion relation for a laser pulse which is long

compared to the plasma wavelength, ¢ty > A, is given by
w? =c2k2+w§(l+a3/2)'1/2, (12)

where w is the frequency, k is the wavenumber, and a linearly polarized laser pulse has been

assumed in the 1D limit. Equation (12) is valid for the incident laser, (w, k) = (wo, ko), as




well as for the harmonics, (v, k) = (w,, k, ), where w, = Nwq. The detuning distance, L4,
defined to be the distance over which the relative phase between the harmonic radiation and
the incident laser is equal to 7, is given by L4|Ak, | = 7, where Ak, =k, (w,, [k, —wo/ko).
In the limit A/A2(1 + a}/2)'/? < 1, the detuning distance is given by

_ N1 +43/2) 2
4= (NT 1)

(13)

At saturation, the ratio of power in the N** harmonic to the incident laser power is given

by“
p A 2(N-1) 2\ —3(N-1)/2
N o Cn ( :’\““) (1 + %) : (14)
P

where Cn are constants which decrease rapidly with increasing harmonic number, i.e.,
Cs = 4.9%x107% and Cs = 2.4 x 105, Furthermore, driven relativistic harmonic generation
is a nonresonant interaction; hence, the process is not sensitive to thermal plasma effects.

As an example, consider an incident laser with Py = 10 TW, Ay = 1 um and spot size
ro = 10 um (ap = 2.2), interacting with a plasma of density ny = 10** cm™3 (A, = 3.4 pm).
For the third (and fifth) harmonic, Pn/Py = 2.2x107° (4.6 x 107'°) and Ly = 8.0 um (4.3
pm). Hence, 22 MW (0.46 kW) should be observed at a wavelength of A = 3300 A (2000
A). Clearly, the limitations due to phase detuning are restrictive. If a scheme for phase
matching could be conceived, the interaction distance, L, and thus the harmonic power,
Pn ~ L2, could be increased. Furthermore, a fully ionized plasma has been assumed in
which atomic and ionization effects have been neglected. Atomic!® and ionization!® effects
may substantially enhance the amount of forward harmonic generation. This has been the
case in low intensity laser interaction experiments with neutral gases, in which coherent

radiation well beyond the 61 harmonic has been observed.!’

F. Stimulated backscattered harmonic generation

Stimulated backscattering!? of intense laser pulses may occur from a stationary plasma
or from a counterstreaming electron beam, i.e., a laser~pumped free—electron laser (FEL).?!
Low intensity lasers used in previous experiments resulted in the observation of only the

fundamental backscattered field. At ultra-high intensities higher harmonic backscattered




radiation will be generated.!” The frequency of the stimulated backscattered harmonic
(SBH) radiation is given by w = N Mywy, where N = 1,3,5... is the harmonic number and
M, is the Doppler shift factor given by

1, plasma,

¥2(1 + Bo)?/(1 + a3 /2), e-beam,
where vo = (1 ~ 82)~'/2, Bo = vo/c, and vy is the initial velocity of the counterstreaming
electron beam. This is shown schematically in Fig. 8. The backscattered radiation grows
exponentially from the front of the laser pulse to the back until saturation is reached. The
exponential growth rate I' of the N** harmonic is found to bel”

1/3

) (16)

200 My F
r=+v3 M‘."L_"__g
vo(1 + My)

where Fy = b[J(n-1)/2 — J(n+1)/2]? is the harmonic coupling function, J = J(b) are
Bessel functions, b = N(a2/4)/(1 + a%/2) and po = (1 + a2/2)"!/? for a plasma and
po = 1 for an electron beam. For a low intensity incident laser interacting with a plasma,
a2 < 1, Eq. (16) reduces to the standard expression for the growth rate of the fundamental
Raman backscatter instability in the strong—pump (or strongly—coupled) regime.?? For a
low intensity incident laser interacting with an electron beam, Eq. (16) gives the growth
rate of the fundamental (N = 1) radiation of a laser-pumped FEL in the strong-pump
(or high—gain Compton) regime.?!+?® The growth rates for the higher N harmonics become
significant only when ay 2 1. This is shown in Fig. 9, in which F,lv/3 ~ T is plotted as a
function of (a2/4)/(1 + a2/2).

Growth of the SBH radiation continues until the radiation amplitude is sufficiently
large to cause particle trapping. At saturation, the ratio of the harmonic power to that of

the incident laser is found to be!?

a/3
Py _ l:pw:(l + AIo)J F\? (17)

P | M 166J¢

Since stimulated backscattering is a resonant process, it is sensitive to electron thermal

effects, i.e., the axial electron distribution must be sufficiently cold before exponential




growth of the radiation is achieved. Specifically, the thermal velocity must satisfy'?

1/3
Bu < Pow:(l + M) F;,/s (18)
t Yows Mg 27eN’

For a plasma, the thermal energy is AE,; = moc?4?, /2. For an electron beam with vo > 1,
the normalized energy spread is given by Ay, /79 = ¥2B.1. Note that for the fundamental
(N =1)in the limit 75 > 1 and a2 < 1, the thermal requirement is Ay, /v < 7., asis the
case for conventional strong-pump FELs operating at the fundamental,?® where 7, is the
electronic efficiency (the ratio of backscattered radiation power to electron beam power).
The usual requirement regarding FELs operating at the fundamental, Av:h/v0 < 7,
however, does not in general apply to harmonic generation.

Two examples of SBH generation will be discussed: one utilizing a stationary plasma
and the other utilizing a relativistic electron beam. In both examples a pump laser is
assumed with Ap = 1 pm, Iy = 16'®* W/cm? (ap = 2.6) and 7o = 10 um, which implies
Py, = 15 TW. Consider amplification of the third, N = 3, (and the fifth, N = 5) harmonic
at a wavelength of A = 3300 A (2000 A) using a plasma of density ny = 10!® cm™3. The
e—folding length is ¢/T' = 1.8 um (2.0 pm). At saturation, the ratio of the harmonic power
to the pump laser power is Pny/Py = 1.0 x 10™* (3.8 x 107%), i.e., Py = 1.5 GW (5.8
GW). The pulse length of the SBH radiation is approximately the transit length of the
pump laser pulse through the plasma. The thermal requirement on the longitudinal energy
spread is E;, < 77 eV (22 eV). Plasmas with sufficiently cold longitudinal temperatures
may be produced by laser-induced ionization.?*

In the next example, SBH radiation is generated using an intense electron beam with
a current of 15 A, a beam radius of 10 pm (current density of 4.8 MA/cm?) and an
energy of 250 keV (yo = 1.5). Consider amplification of the third, N = 3, harmonic at a
wavelength of A = Ao /3M, = 2200 A. The e—folding length is ¢/T = 31 pm and the thermal
requirement on the longitudinal energy spread is Ay /(yo — 1) < 0.18%. At saturation, the
ratio of the third harmonic power to the pump laser power is Pn/Fy = 1.1 x 107%, i.e.,
Pn =17 kW. The electronic efficiency at saturation is 5. = 0.87%.

This examle illustrates the diffculty of generating coherent SBH radiation, given the

present state of electron beam technology. In particular, the limitations on the electron

10




beam energy spread for realistic current densities present a serious difficulty. If the electron
distribution is not sufficiently cold, however, harmonic radiation can be generated via

nonlinear Thomson scattering from individual electrons.

G. Nonlinear Thomson Scattering

Nonlinear Thomson scattering of intense laser radiation may be achieved using either
a dense plasma or a counterstreaming electron beam.!® For example, nonlinear Thomson
scattering of an intense laser from a counterstreaming electron beam produces synchrotron
radiation in much the same manner as a static undulator magnet in a storage ring generates
synchrotron radiation (see Fig. 10). An advantage in using an intense laser pulse over a
static undulator is that the wavelength of the laser pulse is several orders of magnitude
shorter, ~ 10%, than that of the undulator. Hence, for a given electron beam energy,
a laser pulse can produce significantly shorter wavelength synchrotron radiation than an
undulator. In the following, some important aspects of nonlinear Thomson scattering from
a stationary plasma will be discussed. Scattering from an eleciron beam may be described
by performing the appropriate relativistic transformations on the plasma scattering results.

For low intensity lasers (a2 <« 1), the frequency of the scattered radiation?® from a
dense plasma (wp, 3> 1/7L) is given by w = wy. Since the interaction for a2 > 1 is highly
nonlinear, the scattered radiation contains a continuum of harmonic radiation out to the
harmonic number N,,,.. The radiation will contain appreciable frequency components up
to a maximum (critical) frequency, given by wmar = Npmazwo = 37%¢/p, where p is the
electron’s instantaneous radius of curvature and 7 is the electron’s relativistic factor.2® For
a? >> 1, analysis of the electron orbits in the laser field shows that the maximum harmonic
number is given by!®

Nomaz ~ 3ad, (19)

where a circularly polarized incident laser field has been assumed. Furthermore, for a
dense plasma in the limit a2 > 1, the scattered radiation is predominantly perpendicular
to the incident laser, 8, ~ = /2.

The total power in the scattered radiation may be calculated from the relativistic form

of Larmor’s formula. The ratio of scattered power to incident laser power for a circularly

11




polarized laser pulse interacting with a plasma of density ng is given by!®
P/Py = (87/3)ngricri(1 + a2), (20)

where 7. is the classical electron radius. As an example, for a circularly polarized laser
with A9 = 1 pm, 7, = 1 ps, and gy = 2, interacting with a plasma of density n, = 10!°
cm™3, the total scattered power is given by P/P, ~ 1.0 x 10~%. The maximum harmonic
number is Ny,q,. =~ 24, which corresponds to a minimum wavelength of A ~ 420 A. The
pulse length of the scattered radiation is determined by the laser-plasma interaction time.

Furthermore, extremely short-wavelength radiation may be generated by scattering
an intense laser pulse off a counterstreaming electron beam. The frequency of the radiation
scattered off an electron beam will be relativistically doppler shifted by My, Eq. (15), in
addition to the harmonic factor. The scattered radiation is also well collimated within a

narrow cone of angle 6, ~ 1/ in the direction of the electron beam.

H. Laser Cooling of Electron Beams

An electron beam interacting with a counterstreaming laser pulse emits incoherent
radiation via nonlinear Thomson scattering, as is shown in Fig. 10. As the electron beam
radiates, it is subsequently “cooled”, i.e., the normalized emittance and energy spread of
the electron beam is damped.!® This is the result of the radiation reaction force which an
electron experiences while emitting radiation. The normalized electron beam emittance ¢,

will be damped according to the relation?®

€q = e'n!)/(l + Z/LR)) (21)
where €, is the initial normalized emittance, and
Lrlpm] > 3.4 x 10°)2 [um]/y0a?, (22)

is the characteristic damping distance, where -y is the initial energy of the electron beam
and a circularly polarized laser has been assumed. The mean epergy, ¥, of the electron

beam also decreases, ¥ = v¢/(1 + z/Lgr). Furthermore, it can be shown that the fractional

12




.

beam energy spread decreases, Ay/¥ = (Av0/70)/(1 + 2/LRr), where A~, is the initial
beam energy spread. This radiative cooling effect can be significant. As an example,
consider a Ay = 1 um laser with gy = 10 interacting with an electron beam of vy = 200.
The damping length for these parametersis Lg ~ 170 um. The energy lost by the electron

beam appears in the form of synchrotron radiation.
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III. CONCLUSION

An attempt has been made to briefly discuss some of the research areas which may
be impacted by the development of compact ultra-intense lasers. An important measure
which characterizes ultra-intense laser interaction physics is the laser strength parameter,
a9, which is proportional to the square root of the laser intensity. When this parameter
is significantly greater than unity the electron dynamics become highly relativistic and
nonlinear, thus resulting in a wide variety of new phenomena. This high laser field regime
has not been fully analyzed. Potential applications of these phenomena include advanced
accelerators, such as the laser wakefield accelerator, advanced radiation sources, such as
nonlinear Thomson synchrotron sources and laser pumped FELs, as well as a laser cool-
ing concept for electron beams. Although a number of distinct intense laser interaction
phenomena have been discussed, it should be emphasized that this is only a partial list of

phenomena in a research area which is rapidly growing.
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1 ps
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1 nd
Oscillator Stretcher Amplifier Compressor

Fig. 1: Schematic of the chirped—pulse amplification (CPA) method used in T? laser sys-

tems.
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N /

Plasma Accelerated Intense
Wave Electron Laser
Wakefield Bunches Pulse

Fig. 2: Schematic of the laser wakefield accelerator (LWFA). The radiation (ponderomo-
tive) force of an intense laser pulse drives plasma waves (wakefields) with phase velocities

=~ ¢ which trap and accelerate trailing electron bunches.
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Fig. 3: Density variation §n/ng = n/ng —1 and axial electric field E, in GeV/m for a laser

pulse with gy = 2 and ¢rg = A, = 0.03 cm.
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Optical Guiding in a Plasma

Density Channel

Plasma Density/Laser, Profile
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Fig. 4: Plasma channel prdﬁle necessary for optical guiding in a preformed plasma channel.
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Fig. 10: Schematic of an intense laser interacting with a counterstreaming electron heam

producing incoherent Thomson scattered radiation which leads to radiative cooling of the

electron beam.
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